Plant breeders are increasing yields and improving agronomic traits in several perennial grain crops, the first of which is now being incorporated into commercial food products. Integration strategies and management guidelines are needed to optimize production of these new crops, which differ substantially from both annual grain crops and perennial forages. To offset relatively low grain yields, perennial grain cropping systems should be multifunctional. Growing perennial grains for several years to regenerate soil health before rotating to annual crops and growing perennial grains on sloped land and ecologically sensitive areas to reduce soil erosion and nutrient losses are two strategies that can provide ecosystem services and support multifunctionality. Several perennial cereals can be used to produce both grain and forage, and these dual-purpose crops can be intercropped with legumes for additional benefits. Highly diverse perennial grain polycultures can further enhance ecosystem services, but increased management complexity might limit their adoption. Keywords: cropping system, intercropping, Kernza, multifunctional, perennial grain S everal long-term initiatives to develop perennial grain crops are underway throughout the world (Batello et al. 2013) . Hybridizing high-performing domestic annual species with closely related wild perennials has been used to develop perennial forms of established crops such as wheat (Triticum aestivum), rye (Secale cereale), sorghum (Sorghum bicolor), and rice (Oryza sativa; Cox et al. 2010) . A parallel strategy has been the domestication of wild perennial plant species with the potential to serve as new grain crops, such as Helianthus maximiliani and Silphium integrifolium, which are related to common sunflower (Helianthus annuus; Van Tassel et al. 2013) . Intermediate wheatgrass (IWG; Thinopyrum intermedium) is perhaps the most advanced example of a recently domesticated perennial grain crop (Wagoner 1990 . Grain from improved lines of this crop is marketed as Kernza® and is now being used in restaurants, bakeries, and commercial products (Lubofsky 2016 , Baker 2017 .
S
everal long-term initiatives to develop perennial grain crops are underway throughout the world (Batello et al. 2013) . Hybridizing high-performing domestic annual species with closely related wild perennials has been used to develop perennial forms of established crops such as wheat (Triticum aestivum), rye (Secale cereale), sorghum (Sorghum bicolor), and rice (Oryza sativa; Cox et al. 2010) . A parallel strategy has been the domestication of wild perennial plant species with the potential to serve as new grain crops, such as Helianthus maximiliani and Silphium integrifolium, which are related to common sunflower (Helianthus annuus; Van Tassel et al. 2013) . Intermediate wheatgrass (IWG; Thinopyrum intermedium) is perhaps the most advanced example of a recently domesticated perennial grain crop (Wagoner 1990 . Grain from improved lines of this crop is marketed as Kernza® and is now being used in restaurants, bakeries, and commercial products (Lubofsky 2016 , Baker 2017 .
Profitability is a crucial factor in farmer planning and often drives management decisions. In addition to lower annual seeding costs, perennial grain crop production requires fewer inputs (e.g., fuel, fertilizers, and pesticides) than comparable annual grain crop production (Pimentel et al. 2012) . Price premiums associated with unique grain qualities could potentially add value to perennial grain crops. For example, IWG typically has greater protein and fiber than annual wheat (Marti et al. 2016) and is desirable to consumers searching for more sustainable products, such as Long Root Ale brewed by Hopworks Urban Brewery for Patagonia Provisions (Baker 2017) . However, because breeding lines are still in the early stages of development, grain-quality challenges exist (Zhang et al. 2015) , and grain yields of crop species undergoing domestication are currently lower than for most annual crops. In an experiment comparing IWG with annual wheat at the W. K. Kellogg Biological Station in Michigan, yields of IWG after the establishment year were 67% lower than those of annual wheat (Culman et al. 2013) . Perennial grain crops derived from wide hybrid crosses between existing annual grain crops and wild perennial species (e.g., perennial cereal rye) tend to have higher yields than those of perennial grain crops derived from domesticated wild plants (e.g., IWG), which make them more comparable to annual grain crops (Jaikumar et al. 2012 , Newell and Hayes 2017 .
Although yields are expected to increase from breeding improvements in the future, farmers can offset the impact of lower yields today by strategically integrating perennial grain crops into their operations. Perennial grain crops can provide a variety of ecosystem services in addition to producing grain and offer unique opportunities for multifunctional agriculture (Jordan and Warner 2010) . Multifunctional agriculture (i.e., the joint production of agricultural products and other nonmarket goods and services)
is an important concept that has reshaped agriculture in Europe over recent decades and is receiving more attention in the United States (Broody et al. 2005 , Moon et al. 2017 . Although the ecosystem services from perennial grain crops are widely recognized (Cox et al. 2006 , Baker 2017 , there is a lack of information on management practices and cropping systems that optimize their production. Therefore, the objective of this article is to introduce different management strategies for perennial grain crops that can be used to increase their feasibility and competitiveness with other crops that farmers are currently growing. Here, we highlight five strategies that can be used to increase the multifunctionality of perennial grain crops (figure 1).
In addition to grain production, these five strategies all provide additional functions: (1) Perennial grain crops can be grown in an extended rotation with annual grain crops. In soils degraded by tillage associated with annual grain crop production, this strategy can be used to regenerate soil health. (2) Perennial grain crops can be grown on sloped land or as a buffer crop along field edges. This strategy can help reduce soil erosion and protect water quality. (3) Vegetation from perennial grain crops can be harvested or grazed by livestock. This strategy can provide additional income and reduce certain pest problems. (4) Legume forages can be intercropped with perennial cereals. This strategy can be used to reduce nitrogen requirements, increase forage quality, and provide nectar for pollinators. (5) Perennial grains can be grown together as functionally diverse perennial grain polycultures. This strategy can be used to increase yield stability, enhance biological control of pests, provide habitat for wildlife, and provide other ecosystem services.
Although a wide variety of perennial grain crops and cropping systems are being researched, we focus on systems that are appropriate for temperate regions where annual crops such as maize and wheat are currently grown. It is also important to note that some strategies can be combined easily to maximize ecosystem services, whereas others are less compatible. For example, rotating with annual crops might not be worth the risk of soil erosion on sloped land even if soil health was improved from growing perennial grains.
Rotate with annual crops A range of beneficial changes to soil physical, biological, and chemical properties can accompany the transition from annual to perennial plant cover (Karlen et al. 1999) . These include increased soil organic matter content, enhanced porosity and water infiltration rates, reduced bulk density, greater soil foodweb complexity and stability, and increased nitrogen cycling (Culman et al. 2010 , Asbjornsen et al. 2013 .
Soil organic matter is one of the most widely used indicators of soil health. As roots die and decompose, most of the carbon (C) they contain is released as carbon dioxide, but some C is physically or chemically protected and stored for extended periods of time as soil organic matter. Compared with annual crop plants, perennial prairie plants have been shown not only to send roots to greater depths in soil but also to produce root residues with much higher carbon-tonitrogen (C:N) ratios (Dietzel 2014) . In other research, root production was shown to be on average seven times greater in a newly reconstructed prairie system compared with root production in annual grain crops (Jarchow et al. 2015) . By extension, perennial grains with similar characteristics would promote longer C retention times in soil because of greater root C inputs and slowed root decomposition at depth. Soil organic matter can also increase when transitioning from traditional annual grain crop production to perennial grains because microbial respiration of organic matter slows without tillage (Crews and Rumsey 2017) . It is important to note that environmental factors such as temperature, precipitation, and soil texture mediate the potential for soil organic matter accumulation, and significant accumulation in response to perennial grains should not be expected in all regions or on short timescales (Sprunger et al. 2017) .
In annual agroecosystems that have been degraded by excessive soil tillage, farmers can use perennial grains to regenerate soil health and restore agroecosystem function before rotating back to annual grain crops (figure 2). Although soil health in a crop rotation with annuals and perennials would oscillate between periods of degradation and regeneration (García-Préchac et al. 2004) , the balance can be tipped toward long-term improvements by constraining the duration and tillage intensity (e.g., using conservation tillage, strip tillage, or no till) of annual crop production. As crop yields improve with persistent breeding efforts and the management of perennial grain crops develops further, it is possible that farmers would rotate from one perennial grain crop to another perennial.
Grow on sloped land or as a buffer crop
Year-round vegetative cover, along with improvements to soil physical and chemical properties accompanying increasing soil organic matter, protects soil and water. Soils in perennial cropping systems typically have increased water infiltration and retention rates, decreasing runoff and soil erosion (Seyfried and Wilcox 2006 , Glover et al. 2012 , Asbjornsen et al. 2013 . Integrating perennial grain crops into agroecosystems can protect surface water from sediment, agrochemical, and nutrient pollution (figure 3). Compared with cover crops that leave soil susceptible for a period after planting because of small root systems and limited surface cover, once established, perennial grains can reduce nitrate leaching and nutrient transport throughout the year. Nitrate leaching to groundwater has become a serious health concern for rural communities relying on wells for drinking water. Replacement of annual grain crops with perennial crops can greatly reduce nitrate leaching to groundwater (DeHaan et al. 2017) . For example, Culman and colleagues (2013) found that IWG reduced total nitrate leaching by 98% compared with annual wheat when both systems were fertilized with 90 kilograms of N per hectare.
As erosion control and water purification are influenced by crop placement on the farm and landscape, the benefits from perennial grains could be maximized by strategic placement and spatial arrangements across the landscape. Advances in remote sensing and modeling technology have allowed researchers to simulate economic and environmental outcomes of replacing annual crops with perennial cover (Kang et al. 2014) . High-resolution simulation modeling can help identify specific areas to grow perennial grains where annual crop production practices are of particular concern, such as on slopes and sensitive soil types, near riparian areas, and along field edges. For instance, Sahu and Gu (2009) found that contour buffer strips reduced nitrate outflows more than riparian buffer strips. Field research at the farmscape scale is needed to validate expected off-site ecosystem services and water quality benefits from perennial grain crops.
Perennial crops are often active for longer durations each growing season than annual crops. Therefore, perennial grains can utilize solar radiation and precipitation at times of the year when annual grain crops cannot (DeHaan and Van Tassel 2014). Based on results from research comparing perennial and annual forage and bioenergy crops, it is reasonable to expect that perennial grain crops can also extract more water from deeper in the soil profile than annual grain crops because of their extensive root systems, greater primary productivity, and longer growing season (Neal et al. 2012 , Ferchaud et al. 2014 ). In the limited research that has been conducted on water use in perennial compared with annual grain crops, there is indeed evidence of perennial grain crops using water from deeper in the soil profile. For example, Culman and colleagues (2013) reported that IWG had consistently lower soil moisture levels than annual wheat at depths of up to 1 meter. Depending on regional rainfall patterns, this expanded ability to use soil moisture might be beneficial or detrimental. For example, in the northeastern United States, with annual rainfall typically exceeding 1000 millimeters, perennial grain crops could use water that would otherwise run off saturated fields in the early spring and late fall. However, in areas with limited rainfall, such as some key cropping regions of southern Australia that rely on soil moisture stored over the summer fallow period, greater water use by perennial grains could result in depleted soil water reserves (Sandral et al. 2006 ) and limit crop persistence and future yields.
Harvest vegetation or graze livestock
Harvesting vegetative biomass from perennial grain crops can increase their profitability and help compensate for lower grain yields compared with those of annual grain crops (Bell 2013 , Larkin et al. 2014 . A number of perennial cereals can be managed as dual-purpose grain and forage crops, including IWG, perennial wheat, and perennial cereal rye (figure 4a). For some candidate perennial grains, such as IWG, the leaves and stems remain green at seed ripening. This presents an opportunity for farmers to harvest moderate-quality hay, a more valuable product than straw from annual cereals (Jungers et al. 2017) . Other perennial grain crops might dry down completely prior to grain harvest, and thus the crop residue could be harvested for bedding, mulch, or bioenergy.
As an alternative to harvesting forage and crop residues, livestock can graze early-season vegetative growth prior to stem elongation and grain development, as well as late-season vegetative regrowth after grain harvest. This practice is used in winter wheat-growing regions in Texas and Oklahoma, as well as in some regions of Australia (Harrison et al. 2012) . Initial field experiments in Australia indicate that similar to wheat, perennial hybrids and IWG can withstand early defoliation with only a a b modest reduction in grain yields (Newell and Hayes 2017) . For example, defoliation prior to the first grain harvest resulted in a 13.3% reduction in grain yield of IWG, an 8.1% reduction in grain yield of perennial wheat hybrids (averaged across the four experimental lines tested), and a 30.3% reduction in grain yield of annual wheat. However, it is important to note that grain yields of IWG (2.6 grams per plant) and perennial wheat hybrids (12.8 grams per plant, averaged across the four experimental lines tested) were still considerably lower than annual wheat (32.1 grams per plant) during the first year of the experiment (Newell and Hayes 2017) . Although research is needed to determine management practices that optimize yield and quality of both the grain and forage, economic analyses of such dual-purpose perennial grain cropping systems show substantial advantages over grain-only systems (Watt 1989 , Bell 2013 . For example, an economic analysis of perennial cereal production in Australia revealed that grazing cattle in addition to harvesting grain increased farm profit by 38% compared with harvesting grain only (Bell 2013 ).
In addition to direct economic benefits, grazing and harvesting perennial grain crops for forage can help suppress pests. For example, removing vegetation through grazing or harvesting can limit weed seed production and reduce populations of weeds that are typically found in arable crops (Liebman and Davis 2000) . Residue removal after grain harvest can also limit disease and insect pests in the following year. Grazing and stubble burning have been suggested as approaches that might help to contain the load of residueborne pathogens (Cox et al. 2005 ), but harvesting vegetation for forage or bioenergy might have similar effects.
Intercrop legume forages with perennial cereals
Growing legume forages with perennial cereals has the potential to provide a number of benefits, including providing N to the grain crops, facilitating the accrual of soil organic matter, increasing forage quality, and even helping to support pollinators (figure 4b). Crops can be grown in close proximity either in strips or intermixed within rows. In a comparison of seeding arrangements of experimental perennial wheat lines intercropped with subterranean clover (Trifolium subterraneum), Hayes and colleagues (2016) found that the clover was better able to persist if planted in its own rows. It is important to note that dedicating space to a second crop can reduce the availability of resources for the primary grain crop and will likely lead to reduced grain yield ). However, if vegetation from the perennial cereal is grazed or harvested for forage, the gains in forage production and quality might offset the losses in grain yield. Grasses and legumes are compatible functional groups and are often seeded together in perennial pasture systems and forage production, as well as in annual grain crop production, such as frost-seeding red clover (Trifolium pratense) and relay intercropping in winter wheat Drinkwater 2011, Ren et al. 2014) . In an experiment on perennial forage crop mixtures in Iowa that compared the performance of three legumes and four grasses, including a forage variety of IWG, polycultures were on average 73% more productive than the monocultures (Picasso et al. 2008) . In field experiments conducted in Germany, Weik and colleagues (2002) reported that in most cases, mixtures of either perennial cereal rye or IWG performed better when intercropped with lupin (Lupinus polyphyllus) or white clover (Trifolium repens) in terms of grain yield, yield stability, and weed suppression. Complementarity between grasses and legumes is supported by a rich body of literature (box 1).
Legumes are often used in polycultures because of their ability to form a symbiotic relationship with bacteria that can fix atmospheric N and make it plant available (Duchene et al. 2017) . Key variables governing the amount of biological N fixation include the productivity of the legume and the proportion of legume N that would be exported with any harvest of legume biomass (Peoples et al. 2009) . Biological N fixation can be enhanced when legumes are grown with perennial grasses (Dear et al. 1999 ) because perennial grasses deplete soil mineral N, increasing legume reliance on fixed N. Mycorrhizal connections between intercropped species are also important for the transfer of fixed N (Wahbi et al. 2016 ) and would be encouraged in perennial production systems with limited tillage. Considerations related to in situ provision of fixed N by intercropped legumes include the magnitude of reduction in grain yield due to intercropping with legumes, as well as the economic value of the legume as reduced N fertilizer inputs or as a harvested forage crop. Deliberate management might facilitate increased N transfer from the legume to the grain component of the cropping system ). For example, it has Box 1. The effects of crop species diversity on crop productivity.
Ecological research has shown that ecosystem function is linked to biodiversity and that reducing biodiversity can reduce resource-use efficiency, biomass production, and functionality (Swift et al. 2004 , Cardinale et al. 2011 , Allan et al. 2015 . Such research provides a useful framework for assessing intercropping in agroecosystems. Ideally, crops that are grown together complement one another and lead to enhanced productivity.
Complementarity is a general term used to describe a positive effect that can result from growing crops together in a polyculture.
Resource partitioning describes the more complete utilization of available resources by crops that are grown together in a polyculture compared with when they are grown separately in monocultures. Maximizing disparity in rooting depth, phenology, and vegetative architecture between crop species grown in a mixture can increase resource partitioning and therefore minimize competition (Litrico and Violle 2015) . Facilitation refers to processes by which one species provides a benefit, often a limiting resource, to another species. For instance, in a long-term plant diversity experiment comparing plots with between 1 and 16 perennial species, combinations of warm-season grasses with legumes consistently resulted in the greatest productivity . Presumably, biomass production of the grasses was limited by nitrogen, a resource that became more available when the grasses were grown with legumes.
In addition to understanding the mechanisms described above, it is also helpful to consider the different possible outcomes of intercropping.
Overyielding occurs when the intercrop produces more than the average of all species grown in monoculture.
Transgressive overyielding occurs when the intercrop produces more than the most productive species grown in monoculture. Such outcomes are often the result of facilitative processes that occur over larger temporal and spatial scales.
Important insights can also be gained by examining the individual components of a polyculture (Bybee-Finley et al. 2016) . Such information about how each component contributes to overall production can be particularly useful when designing optimized perennial grain polycultures.
Mutual overyielding occurs when each species in a polyculture produces more than when they are grown in a monoculture.
Suppression is the result of asymmetric competition and occurs when one species in a polyculture produces more biomass than when grown in a monoculture but at the expense of other species in the mixture.
been shown that clipping aboveground tissue of white clover increased the transfer of its N to a neighboring grass (Ayres et al. 2007 ).
Functionally diverse perennial grain polycultures
In annual cropping systems, it is common to rotate crops over time to improve soil and reduce pests. Similarly, planting winter cover crops between commodity grain crops can have beneficial effects on soil biology and soil physical properties. However, these practices depend on regular changes of plant cover within a field. In perennial grain cropping systems, spatial diversification with intercropping can provide many of the same benefits as temporal diversification with crop rotation.
Intercropping with functionally diverse perennial grain crops can also provide a range of crop protection benefits and has been highlighted as a sustainable alternative to conventional agriculture (Piper 1998 , Jackson 2002 , Baker 2017 . Intercropping can be used to maximize the use of resources by crop plants and prevent weeds from accessing light, nutrients, and water (Bauman et al. 2000) . Increasing plant diversity can also enhance populations of natural enemies and help keep pest insects in check through "topdown" processes (Shennan 2008 , Lundgren 2009 ). Predators and parasitoids are often present at higher densities in mixed intercropping systems than in monocultures, because the provisioning of floral resources and non-prey food sources is enhanced with plant diversity. Increasing diversity with intercropping can help support greater natural enemy populations through mechanisms such as increased availability of alternative prey, oviposition sites, and refugia (Landis et al. 2000 , Lundgren 2009 ). In addition to supporting greater populations of natural enemies, in-field diversity can also contribute to reducing losses from insect pests through "bottom-up" processes such as altered chemical signaling or lower feeding efficiency due to increased search time.
Plant diversity can be expected to most effectively control diseases in perennial grain crops when (a) the host is present in small areas, (b) pathogens are strongly specialized on particular host plant species, (c) pathogens are capable of effective dispersal, (d) disease lesions are small, and (e) there are many pathogen generations over the course of an epidemic Mundt 1999, Cox et al. 2005) . When implementing within-field diversity, it is important to consider the particular goals for disease reduction. Mixed intercropping can slow annual epidemics of foliar disease, but it might be ineffective in limiting the spread of multiyear epidemics of soilborne disease. In this case, a different deployment of diversity might be more effective. For example, an especially susceptible species in an intercrop mixture might be omitted from portions of the field that are most conducive to disease development, such as poorly drained areas. A scheme of alternating plant species in regular strips or contours can also serve to erect barriers that pathogens with steep dispersal gradients cannot cross.
Although functionally diverse perennial grain polycultures might provide a high level of ecosystem services (figure 4c), managing asymmetric competition between intercropped species can be challenging (Bybee-Finley et al. 2016 . Reseeding and other interventions to increase the relative competitive ability of weaker species may be required . Species compatibility in perennial grain intercrops should reflect not only ecological considerations, such as potential for facilitation and resource partitioning, but also socioeconomic factors, including management complexity and profit stability. Depending on the system, greater diversity of species could potentially restrict herbicide options and require harvesting equipment that can handle multiple grains or green vegetation along with dry grain. Although advanced systems with multiple perennial grain crops are yet to be developed, synchronizing grain maturation, mechanical harvesting, and seed separation will be important factors to consider (box 2).
Conclusions
Perennial grain cropping systems offer solutions to many shortfalls of conventional agriculture, including enhanced protection of soil and water resources. Although nascent, market opportunities are developing for Kernza, the first perennial grain crop to be commercialized. Because perennial grains are fundamentally different from annual grain or perennial forage crops, farmers need new information about management practices to optimize their production. Strategies that enhance multifunctionality are expected to play a major role addressing limitations associated with low grain yields. Some management strategies can be combined to achieve greater functionality, such as growing perennial cereals with legumes for grain and forage on land that is sloped. Functionally diverse perennial grain polycultures can also provide a high level of ecosystem services; however, research is needed to identify combinations of perennial grain crops that are compatible and production practices that minimize management complexity. Given concerns about conventional agriculture and greater recognition of the nonmarket goods and services that agricultural landscapes can provide, we expect that perennial grains will become an increasingly significant component of agricultural production systems. Ecological research has shown that biomass production and other functions tend to saturate at low levels of species richness (Cardinale et al. 2011) . Management factors also need to be considered when selecting crop species to include in a perennial grain polyculture. These factors include grain maturation and harvest timing, harvest equipment, ability to separate grains for different markets, as well as nutrient and pest management (Weik et al. 2002 , Lin et al. 2011 , Barot et al 2017 . Thus, the optimum crop species richness in a perennial grain polyculture is likely to be relatively low because of a plateau in ecosystem services and a rapid increase in management complexity with additional crop species (figure 5). For example, a perennial grain polyculture with cereals, legumes, and oilseed crops might deliver a high level of ecosystem services, but farmers might also find such a polyculture to be impractical because delaying cereal harvest to coincide with oilseed harvest would result in increased shattering and reduced grain quality of the cereals. However, a mixture of perennial wheat and perennial cereal rye might be able to be harvested at the same time and provide some enhanced protection from plant pathogens, albeit lower than if crops from other functional groups were included. Crop species number Management complexity index Crop species selection: commercial products is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the US Department of Agriculture (USDA). USDA is an equal opportunity provider and employer.
